1. Introduction {#s0005}
===============

Early reports of mysterious pneumonia caused by pathogen of unknown origin were reported in Wuhan city of China during late December 2019. The causative agent was later identified as Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) and disease caused was named as COVID-19 [@b0005]. The disease outbreak which started in china, has now spread to 210 countries and territories across the world and as on July 13, 2020, a total of 12,768,307 cases and 566,654 deaths have been reported globally (<https://covid19.who.int/>). Before COVID-19, human coronaviruses (CoVs) have caused two more epidemics in last two decades, SARS in 2002/2003 and Middle east respiratory syndrome (MERS) in 2012. The infectivity of SARS CoV-2 seems to be higher than that of SARS-CoV and MERS-CoV, the causative agents of SARS and MERS respectively as asymptomatic SARS-CoV-2 infected individuals can transmit the virus to healthy population. On the other hand case fatality rate (CFR) of COVID-19 is higher than that of seasonal influenza but lower than SARS and MERS [@b0010]. COVID-19 patients present common symptoms such as fever, dry cough, fatigue, headache, diarrhea and pneumonia whereas acute respiratory distress syndrome (ARDS) is observed in severe cases [@b0015].

SARS-CoV-2 probably originated from bats and amplified in an intermediate host before reaching to the humans [@b0020]. Like other human CoVs, SARS-CoV-2 is an enveloped beta coronavirus with positive sense, single stranded RNA as its genome [@b0025], [@b0030]. SARSCoV-2, has genome of size 29.9 kb [@b0035] whereas SARS-CoV has 27.9 kb and MERS-CoV has 30.1 kb large genome [@b0040]. SARS-CoV-2 genome contains 5′ capping and 3′ poly(A) tail allowing the expression of viral replicase encoded by nearly two third of genome. The rest of the genome codes for structural and accessory proteins [@b0020], [@b0045]. Total four structural proteins such as spike (S), membrane (M), envelope (E), and nucleocapsid (N) proteins are present in SARS-CoV-2 [@b0045]. S protein, a class I fusion protein is expressed on viral the surface and mediates the viral attachment, fusion and entry into host cell by binding to angiotensin-converting enzyme 2 (ACE2) as its receptor [@b0045], [@b0050], [@b0055]. S protein consists of two functional subunits, S1 for host receptor binding and S2 responsible for fusion of viral and host cell membrane [@b0050] ([Fig. 1](#f0005){ref-type="fig"} ). Recently Alba et al predicted the B and T-cell epitopes of SARS-CoV-2 antigens using bioinformatics approach and revealed that S protein is the most immundominant antigen having maximum no of B and T-cell epitopes [@b0060]. Immunogenicity of S protein makes it the most attractive vaccine target against SARS-CoV-2 infection and many groups are working to develop S protein based vaccine.Fig. 1SARS-CoV-2 and its engagement with host cell. SARS-CoV-2 is an enveloped beta coronavirus with positive sense single stranded RNA as its genome. (A) A schematic representation of the virion, that has four main structural proteins: Spike (S) protein, Membrane (M) protein, Envelope (E) protein and Nucleocapsid (N) protein. (B) It depicts the engagement of spike protein of SARS-CoV-2 to angiotensin converting enzyme -2 (ACE-2) of the host cell. S protein has two components: i) S1 that attaches to the ACE-2 of the host cell and ii) S2 that mediates the fusion of host cell membrane and viral membrane leading to the endocytosis of viral particle by host cell.

Till date, there is no approved treatment or vaccine available to control COVID-19 and researchers across the globe are racing against time to develop new therapeutic agents as well as vaccine against SARS-CoV-2 infection. Several vaccine candidates including RNA, DNA, subunit vaccine targeting spike protein "S", attenuated virus strains and inactivated viral particles; are in the developmental pipeline [@b0025].

2. Heterologous effects of BCG vaccination: implications in COVID-19 associated mortality {#s0010}
=========================================================================================

The century old TB vaccine BCG, a live attenuated strain of *Mycobacterium bovis* is the most widely used vaccine across the world, which protects against disseminated TB in children including miliary TB and TB meningitis, however, in adults, the efficacy of BCG against pulmonary TB is limited [@b0065]. Additionally, BCG offers off target protective effects against several non-mycobacterial infections [@b0070] and many studies have reported BCG mediated reduction in infant mortality due to infection unrelated to tuberculosis [@b0075]. In 1927, Swedish physician Carl Näslund reported three fold lower mortality in BCG vaccinated infants compared to the unvaccinated babies during first year of their lives [@b0080]. Besides, BCG vaccination was associated with lower child mortality due to malaria in Guinea-Bissau [@b0085]. The beneficial effects of BCG in infants have been confirmed in many randomized control trials (RCT) and may be attributed to the protection offered against respiratory infections and neonatal sepsis [@b0090], [@b0095]. Another case control study in Guinea-Bissau reported the reduction in the incidence of acute lower respiratory tract infection (ALRI) caused by respiratory syncytial virus (RSV) in BCG vaccinated infants as compared to infants without BCG vaccination, suggesting the heterologous effects of BCG [@b0100].

Moreover, intravesical BCG has been used as non-specific immunotherapy for the treatment of bladder cancer and immunomodulatory effects exhibited by BCG treatment are attributed to the slowdown of tumor progression in the patients [@b0105]. In a recent randomized controlled trial (RCT) Arts et al reported that BCG vaccination offered protection against vaccine strain of yellow fever virus in adults through epigenetic reprograming in circulating monocytes. This study further asserted that BCG vaccination led to the induction of trained immunity as indicated by upregulation of IL-1β mediated responses which correlated with decrease in the viral load and consequent protection in vaccinated participants compared to placebo treated groups [@b0070]. Another RCT involving H1N1 influenza vaccine strain reported enhanced induction of functional antibody response against this strain if BCG vaccination was given prior to influenza vaccination [@b0110].

Furthermore, BCG vaccination diminished the risk of pneumonia in tuberculin negative elderly people in Japan [@b0115]. A small study by Wardhana et al reported significant reduction in acute upper respiratory tract infections in elderly people after BCG vaccination which was given once a month for three consecutive months [@b0120]. A clinical study from South Africa investigating the effectiveness of BCG vaccination on MTB infections in adolescents reported a 73% decrease in respiratory tract infections compared to non-vaccinated population [@b0125], [@b0130].

The ongoing COVID-19 pandemic has spread over 210 countries and territories till date. Significant differences in COVID-19 associated morbidity and mortality, are visible in different countries, which probably vary according to their population size, geography, socioeconomic status, and healthcare infrastructure of the respective country. Interestingly, in a recent epidemiological study Aron et al attributed the country wise variation in COVID-19 related mortality and morbidity to BCG vaccination program in various countries. This study revealed that countries with proper BCG vaccination program have reported lesser COVID-19 associated mortality as compared to the countries where BCG vaccination has been removed from their vaccination program, suggesting probable protection offered by BCG vaccine against COVID-19 [@b0135]. The findings of this study might be error prone and limiting due to differences in the various factors prevalent in the respective country such as testing capabilities/rates, adequate reporting of the cases and mortality, medical care facilities, disease burden and stage of the disease transmission, hence randomized clinical trials are needed to determine the BCG mediated protection against COVID-19. Till date, 11 clinical trials using BCG vaccine and 3 trials using recombinant BCG vaccine VPM1002 have been initiated with aim to study the BCG mediated protective effects in health care workers handling COVID-19 patients and elderly population.

3. Mechanism underlying heterologous effects of BCG {#s0015}
===================================================

3.1. Trained immunity: innate memory response {#s0020}
---------------------------------------------

The mechanism underlying the heterologous protective effects of BCG is not yet fully understood however, evidences suggest that induction of memory in innate immune cells such as monocytes, natural killer cells and macrophages, independent of T and B cell response, which is also termed as 'trained immunity'; plays a critical role in non-specific protection exhibited by BCG vaccination [@b0065]. In severe combined immunodeficiency (SCID) mice which lacks adaptive immunity, BCG vaccination protects from lethal systemic candidiasis by activation of NK cells, further confirming the role of innate immune cells in heterologous benefits of BCG [@b0140]. In a recent study, peripheral blood mononuclear cells (PBMCs) isolated from healthy human volunteers three months post BCG vaccination, produced increased levels of pro-inflammatory cytokines IL-1β and TNF-α, when stimulated with unrelated pathogens *in vitro.* Further, upregulation in the expression of CD14, CD11b and TLR4 was observed along with increased epigenetic modifications at the promoter sequences of the genes of pro-inflammatory cytokines in human PBMCs, which suggests that increased cytokine production may be responsible for the better protection during secondary infection with non-mycobacterial pathogens [@b0145].

Trained innate immune cells exhibit rapid, stronger and qualitatively different transcriptional responses when exposed to pathogens as compared to untrained cells. The underlying molecular mechanism is poorly understood however; evidences suggest the involvement of several regulatory mechanisms including epigenetic reprogramming and chromatin reorganization in immune cells during the generation of trained immunity by primary stimulus [@b0150], [@b0155].

In resting myeloid cells, genes involved in proinflammatory immune response remain in repressed configuration [@b0160] hampering the access of transcriptional machinery to the important regulatory regions of these genes responsible for their expression [@b0165]. Upon primary stimulation of myeloid cells, chromatin remodeling and histone modifications such as acetylation and methylation enhance the accessibility of the RNA polymerase II to the genes encoding inflammatory factors [@b0170] and thus regulate the activation or repression of the expression of the associated genes. Histones methylation may take place at arginine or lysine residues. Upto three methyl groups can be added to lysine residue and upto two methyl groups can be added to the arginine residues [@b0175].

Acquisition of histone 3 methylation of lysine 4, lysine 36 and lysine 79 (H3K4, H3K36 and H3K79) are often associated with the transcriptional activation whereas H3K9, H3K27 and H4K20 methylations are involved in repression of gene expression [@b0175]. BCG vaccination upregulates the expression of IL-6, TNF-α, IL-1β and TLR4 in circulating monocytes in nucleotide-binding oligomerization domain 2 (NOD2) dependent manner through an increase in the H3K4me3 histone modification [@b0145], [@b0180]. Further, due to these epigenetic modifications expression of pattern recognition receptors (PPRs), namely, TLRs, NOD-like receptors and C-type lectin receptors, is upregulated in the innate immune cells [@b0145]. Trained monocytes recognize the pathogen by PRRs during secondary infection and mount a powerful immune response through enhanced cytokine production [@b0185] ([Fig. 2](#f0010){ref-type="fig"} ).Fig. 2Trained immunity and underlying mechanism. Stimulation of naïve monocytes by BCG is accompanied by epigenetic reprogramming and metabolic rewiring in these cells. Histone modifications such as methylation and acetylation leads to chromatin unfolding that facilitates the expression of the genes of proinflammatory factors and metabolic pathways such as glycolysis. Epigenetic changes and metabolic rewiring induced during the initiation of the trained immunity are intricately regulated and work like a positive feedback loop as epigenetic changes enhance the expression of metabolic pathways and metabolites from these pathways cause epigenetic changes in the DNA. These changes vanish only partially after the removal of the stimulus that allows very rapid and enhanced expression of proinflammatory factors following the encounter with unrelated secondary pathogen leading to heterologous protection against this pathogen.

Apart from epigenetic reprogramming, rewiring of cellular metabolic pathways plays a crucial role in development and maintenance of trained immunity in monocytes, macrophages and NK cells [@b0150], [@b0190]. In resting innate immune cells, oxidative phosphorylation is the preferred mode of energy production compared to the glycolysis however a metabolic switch from oxidative phosphorylation to glycolysis takes place in the activated cells. Glycolysis is crucial for epigenetic changes such as histone modifications and other functional modifications underlying trained immunity induced by BCG vaccination [@b0195]. In β-glucan mediated trained immunity, glycolysis genes like pyruvate kinase and hexokinase were upregulated through epigenetic modifications such as H3K4me3 and H3K27Ac at the promoter region of glycolytic genes. The expression of gene encoding mammalian target of rapamycin (mTOR), a target of transcription factor HIF-1α was enhanced by β-glucan. Further, activation of HIF-1α in β-glucan trained monocytes suggested a long-term increase in glycolysis in these cells in mTOR/HIF-1α dependent manner [@b0200]. In line with epigenetic modification induced by β-glucan in monocytes, Arts et al described the comparable epigenetic rearrangements in BCG-induced trained monocytes [@b0195].

Moreover, inhibition of glycolysis in peripheral monocytes impairs the expression of trained immunity phenotypes by hindering the epigenetic modifications. Specifically inhibition of glycolysis reversed the H3K4me3 and H3K9me3 levels in the promoter region of IL-6 and TNF-α in circulating monocytes, suggesting the dependence of these epigenetic modifications on the cellular metabolic pathways [@b0195]. In addition to glycolysis, other metabolic pathways like glutaminolysis, and cholesterol synthesis play a critical role in the induction of trained immunity in innate immune cells. Accumulation of fumarate, a key metabolite of glutamine metabolism and intermediated of TCA cycle helps in induction of trained immune response in myeloid cells by inhibition of KDM5 histone demethylases and thus enhancing the H3K4me3 and H3K27Ac, histone modifications in the promoters of IL-6 and TNF-α, leading to enhanced production of these cytokines after re-stimulation of these cells with LPS [@b0205]. In another study, Bekkering et al demonstrated the induction of trained immunity by mevalonate, a key metabolite of cholesterol metabolism through increased H3K4me3 at the promoter sites of IL-6 and TNF-α [@b0210]. All the studies discussed here support the fact that metabolic rewiring and epigenetic reprogramming are intricately related to each other and play a crucial role in induction of trained immunity after BCG vaccination ([Fig. 2](#f0010){ref-type="fig"}).

Innate immune cells such as monocytes and DCs have relatively shorter life span with mean half-life of 5--7 days and can't transmit their memory characteristic to their progeny, however, intriguingly, trained immunity can be maintained for months, years and decades. Recent evidences have explained this mystery by demonstrating the induction of trained immunity in bone marrow progenitors cells along with the circulating monocytes and tissue resident macrophages [@b0190]. Evidences suggest that BCG or β-glucan mediated long term trained immunity is maintained by metabolic and epigenetic rewiring in the long lived and self-renewing hematopoietic progenitors cells in the bone marrow [@b0215], [@b0220]. In mice, BCG educated hematopoietic stem cells (HSCs) exhibited enhanced myelopoiesis in IFNγ- dependent manner, leading to the generation of epigenetically modified myeloid cells such as macrophages that provided significantly improved protection against virulent *Mycobacterium tuberculosis* (MTB) challenge compared to naïve macrophages, which further confirmed the BCG induced protective innate immunity against MTB infection [@b0225]. These findings demonstrate the long standing question that how short lived myeloid cells such as monocytes and macrophages can acquire the memory phenotype.

3.2. Heterologous lymphocyte response {#s0025}
-------------------------------------

In addition to the mycobacteria specific adaptive response, BCG vaccination induces heterologous lymphocytes that protect from secondary non-mycobacterial infections [@b0230]. BCG immunization of mice protected it from subsequent vaccinia virus infection through enhanced production of IFN-γ by CD4 T cells [@b0235]. BCG vaccination induces nonspecific CD4 and CD8 memory T cells and modulates Th1 and Th17 immune responses to unrelated secondary infections [@b0240]. BCG therapy restored the antiviral T-cell response through the restoration of Th1/Th2/Th17 cytokine balance in the patients suffering from recurrent respiratory papillomatosis caused by caused by human papillomavirus and often associated with imbalance of pro-inflammatory cytokines and Th1/Th2/Th17 cytokines [@b0245]. Above evidences suggest the involvement of non-specific T-cell responses induced by BCG vaccination in infant and adults, which protects them from unrelated infectious disease.

4. BCG: an attractive vector for recombinant vaccines {#s0030}
=====================================================

BCG offers several advantages when it comes to human use such as proven safety records in all age groups i.e. infants, neonates and adults, excellent thermal stability and economic production cost. Besides, it possesses extraordinary adjuvant activity and activates both innate and adaptive immunity. These properties make BCG an attractive bacterial vector to express foreign antigens as vaccine candidates against broad range of pathogens including viral, bacterial and parasite infections [@b0250]. Foreign antigens may be expressed on the surface and in the cytoplasm or secreted out of the BCG, however recombinant BCG (rBCG) strains that express the foreign antigen on the cell surface or secrete the antigen outside the cell are immunogenic whereas strains with cytoplasmic expression of foreign antigens, fail to induce any immune response as they are not accessible to antigen-presenting cells (APCs) [@b0255].

One of the most successful rBCG strains, rBCGΔureC::hly (VPM1002) expressing listeriolysin O (LLO) encoded by Hly gene derived from *Listeria monocytogenes* and deleted Urease C (ureC) gene, is under phase III clinical trial (NCT03152903) [@b0260]. LLO (Hly) is a pore forming protein which creates pores in the MTB containing phagosomal membrane leading to leakage of MTB antigens to cytoplasm of the host cell that enhances antigen processing and presentation through MHC-I pathway and subsequent augmentation of CD8-T cell activation. Moreover, LLO expression induces apoptosis in infected macrophages which further enhances CD8-T cell response through cross-presentation of antigens. Deletion of ureC encoding urease, which inhibits the acidification of phagosome, helps in the maintenance of optimal pH of phagosome that is critical for the activity of LLO. rBCGΔureC::hly is the most advanced live vaccine candidate that has shown encouraging results in phase I and phase II clinical trials [@b0265].

Several, rBCG vaccines have been successfully developed against wide range of pathogens including viruses, bacteria, parasites and exhibited significant protection against the target pathogens in the animal models. For example, rBCG-pSOV3J1 expressing Env V3 peptide of HIV-1 induced HIV-1 specific T cell response in Guinea pigs following oral immunization [@b0270].

Further, rBCGpan-Gag strain expressing Gag protein of HIV-1 subtype C induced a broad T cell response in baboons [@b0275]. Another rBCG strain rBCG-CtEm which expresses multi-epitope antigen CtEm of HCV induced HCV specific cellular immunity in the transgenic mice [@b0280].

In a recent study, rBCG-*N*-hRSV which expresses the nucleoprotein (N) of the human respiratory syncytial virus (hRSV), protected mice from hRSV challenge by induction of hRSV specific neutralizing antibodies and reduced the clinical pathology of the lung [@b0285].

Additionally, BCG has been engineered to express antigens of parasites like *Plasmodium falciparum*. An rBCG-CS strain which expresses circumsporozoite (CS) protein of *P. falciparum* stimulated dendritic cells, memory T-cells and induced humoral response in BALB/c mice after immunization [@b0290]. Similarly, rBCG-ROP2 that expresses rhoptry protein 2 (ROP2) of *Toxoplasma gondii*, induced specific humoral and cellular immune responses in mice after the immunization [@b0295]. Above mentioned examples suggest the potential of BCG based vaccine for broad range of diseases including the current pandemic COVID-19.

5. Potential of BCG based vaccination strategy against COVID-19 {#s0035}
===============================================================

In the current scenario, when no effective vaccine or therapy against COVID-19 is available, BCG vaccine can offer some hope due to its safety records and heterologous effects against range of infectious diseases. BCG in its current form may boost general immunity and offer some protection against SARS-CoV-2 in small group of individuals due to induction of trained immunity, nonetheless lack of specific adaptive immune response against SARS-CoV-2 may be a limiting factor in its large scale usage.

Effective solution of this issue can be provided by the development of recombinant BCG strain expressing proteins of SARS-CoV-2, specifically spike (S) protein and nucleopcapsid (N) protein. S protein is the most immundominant antigen of human CoVs including MERS-CoV, SARS-CoV and SARS-CoV-2. Likewise, N protein is the second most immundominant antigen in SARS-CoV-2 and consists of several B and T cell epitopes [@b0060].

Interestingly, rBCG expressing S or N protein may offer dual benefits by combining the trained immunity induced by BCG and viral specific immunity evoked by S or N protein. Additionally, induction of trained immunity by BCG may induce a wholesome immune response and play a critical role in improving the vaccine efficacy by activation of innate immune cells through the stimulation of pathogen recognition receptors (PRRs). Though, BCG is considered as a good vector to express foreign antigens, its efficacy can be limited by several factors such as the expression level of antigen and choice of vector for antigen expression, hence these factors should be considered during the development of the vaccine. The choice of vector is crucial for the expression of foreign antigen and it can be mediated by both replicative and integrative vectors. Multicopy replicative vectors could be obvious choice as it can increase the expression of foreign antigen, however genes cloned in such vectors exhibit lower stability and may be lost during *in vivo* experiments due to lack of selective environment. Further, such vectors may raise a safety concern due to the possible horizontal transfer to other bacterial species of the host. On the other hand integrative plasmids demonstrate stable and long lasting expression of the foreign antigen leading to a long term and stable immune response in the recipients [@b0300]. Since viruses use host machinery for the production of their proteins, the difference in the protein translation and their post translation modification such as glycosylation in the prokaryotic system poses another challenge in the development of BCG based vaccines expressing viral proteins. S protein is a glycoprotein and glycosylation pattern of recombinant S protein expressed in BCG may vary from the original pattern leading to the alteration in its immunogenicity and hence this factor should also be considered while vaccine designing. These issues can be avoided by cloning the most immunogenic peptides of the S or N protein in BCG instead of whole protein which in turn may improve the efficacy of rBCG vaccine. In the current scenario, BCG based SARS-CoV-2 vaccine seems a feasible option with immediate translational possibility.

6. Discussion and future challenges {#s0040}
===================================

In the absence of any approved therapeutic treatment for COVID-19, development of an effective and safe vaccine against SARS-CoV-2 is urgently needed, that may be a prophylactic, therapeutic and post-exposure in nature. Currently, twenty five COVID-19 vaccine candidates are under clinical trials across the world with aim to minimize the COVID-19 related mortality in the ongoing struggle for survival and rBCG vaccine expressing viral protein might be a potential armor against SARS-CoV-2 infection. Growing evidences suggest that most of the clinical benefits offered by BCG are due to its off target effects through the induction of trained immunity, however it is largely unknown whether recombinant BCGs strains might be able to induce trained immunity following vaccination. Data from ongoing clinical trials to study the efficacy of BCG vaccination in healthcare workers will be available soon and it will play a critical role in the development of rBCG vaccines against COVID-19. Unequivocally, BCG is a suitable vector for the expression of SARS-CoV-2 antigens as it possesses several beneficial properties such as, its inherent adjuvant properties and suitability for neonatal administration [@b0305]. Trained immunity induced by rBCG along with SARS-CoV-2 specific immune response can induce robust protection against COVID-19 and excellent safety profile in humans, low cost production and thermal stability further enhances the possibility of its human use in a limited time frame compared to other candidates where time consuming safety trials and infrastructure are needed before the vaccines reach the end users.
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